Objective-Myeloperoxidase-enriched monocytes play important roles in inflammatory disease, such as atherosclerosis.
M yeloperoxidase-enriched phagocytes are important cellular mediators in many inflammatory diseases, including atherosclerosis. [1] [2] [3] [4] In response to inflammation, monocytes are recruited to the sites of inflammation and differentiate into macrophages to elicit immune response. 5 Apoptosis of monocytes/macrophages is a component of the pathophysiologic sequelae of atherosclerosis. 6 Oxidized lipid species have been suggested to be mediators of apoptosis and the progression of atherosclerosis. 7, 8 However, the role of chlorinated lipids, produced as a result of myeloperoxidase activity, as mediators of apoptosis remains to be explored. Chlorinated lipids are initially produced by the targeting of the vinyl ether bond linking an sn-1 aliphatic group to the glycerol backbone of plasmalogens, resulting in the formation of 2 products: lysophospholipid and α-chlorofatty aldehydes (α-ClFALD). 2, 9, 10 It should be noted that plasmalogens are a major lipid subclass found in many mammalian cell types, including endothelial cells, neutrophils, monocytes, smooth muscle cells, and cardiac myocytes. α-ClFALD, including 2-chlorohexadecanal and 2-chlorooctadecanal, are produced in activated neutrophils and monocytes. 2, 9, 10 Furthermore, the concentration of α-ClFALD is elevated in human atherosclerotic lesions and infarcted myocardium. 11, 12 In neutrophils, α-ClFALD has been shown to be predominantly oxidized to α-chlorofatty acid (α-ClFA), whereas some metabolism of α-ClFALD shown to be reduced to α-chlorofatty alcohol (α-ClFOH). 13, 14 α-ClFA is elevated in rats treated with lipopolysaccharide and can be further catabolized in hepatocytes through ω-oxidation and subsequent β-oxidation, resulting in the production of 2-chloroadipic acid (2-ClAdA) that is excreted in the urine. 15 Although the α-ClFALD, 2-chlorohexadecanal, has been shown to be a potent neutrophil chemoattractant, inhibitor of endothelial nitric oxide synthase, inducer of the expression of cyclooxygenase-2, and mediator of endothelial cell dysfunction, 10, [16] [17] [18] the biological properties of the α-ClFA, 2-chlorohexadecanoic acid (2-ClHA), have been relatively unexplored. Accordingly, in the study herein we have revealed the accumulation of α-ClFA and α-ClFOH in activated human monocytes. Furthermore, using monocytic and macrophagic cell lines, as well as primary human monocytes, we have revealed that 2-ClHA causes significant apoptosis through mechanisms involving reactive oxygen species (ROS) production and endoplasmic reticulum (ER) stress.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

2-ClHA and 2-Chlorooctadecanoic Acid Increase Significantly in Primary Human Monocytes on Phorbol Myristate Acetate Stimulation
Our previous study showed that 2-chlorohexadecanal and 2-chlorooctadecanal increase to levels of ≈3 to 6 pmol/10 6 phorbol myristate acetate-activated primary human monocytes. In these studies, we tested whether endogenously produced α-ClFALD is metabolized to α-ClFA and α-ClFOH. To determine the levels of both α-ClFA and α-ClFOH in human primary monocytes, the cells were stimulated with 300 nmol/L phorbol myristate acetate for 1 hour. Cellular lipids were extracted and quantitatively analyzed by liquid chromatography-mass spectrometry and gas chromatography-mass spectrometry for α-ClFA and α-ClFOH, respectively. As expected, the total amount of 2-ClHA and 2-chlorooctadecanoic acid was elevated 5-fold (rising to ≈20 μmol/L) when compared with unstimulated cells ( Figure 1A ). For α-ClFOH levels, only 2-chlorohexadecanol was found to increase significantly when compared with unstimulated cells, whereas 2-chlorooctadecanol was undetectable ( Figure 1B) . Notably, the α-ClFA amount is much more than α-ClFOH, indicating that α-ClFALD is mainly metabolized to α-ClFA instead of α-ClFOH in human monocytes.
2-ClHA Induces Apoptosis in Primary Human Monocytes, THP-1 Monocytes, and RAW 264.7 Macrophages
Human primary monocytes were treated with various concentrations of 2-ClHA for 3 hours, and apoptosis was determined by terminal deoxynucleotidyl transferase dUTP nick end labeling staining. 2-ClHA significantly increased apoptotic cell numbers when compared with either blank or HA group (Figure 2A ). Importantly, significant apoptosis was observed in primary human monocytes at physiological concentrations of 2-ClHA found in activated human monocytes. The proapoptotic effect of 2-ClHA was then tested on a human monocytic cell line, THP-1 cells. The cells were treated with 2-ClHA for 6 hours, and apoptosis was subsequently examined by annexin V-propidium iodide double staining followed by flow cytometry. Consistent with the findings in primary human monocytes, 2-ClHA increased apoptosis in THP-1 cells when compared with either blank or HA group ( Figure 2B ). Under all conditions of treatments of THP-1 cells with 2-ClHA, the intracellular 2-ClHA concentration did not exceed the treatment of extracellular concentration (eg, treatments for 18 hours with 10 and 50 μmol/L 2-ClHA resulted in intracellular concentrations of 7.2±1.4 and 45.6±4.9 μmol/L, respectively; and treatments for 1 hour with 10 and 50 μmol/L 2-ClHA resulted in intracellular concentrations of 0.8±0.1 and 14.2±1.1 μmol/L). 
2-ClHA Increases Caspase-3 Activity, Poly (ADP-Ribose) Polymerase Cleavage, and CCAAT/Enhancer-Binding Protein Homologous Protein Expression
Caspase-3 activity was evaluated to examine 2-ClHA-induced apoptosis further. Indeed, 2-ClHA treatment resulted in increased caspase-3 activity in both THP-1 monocytes and RAW 264.7 macrophages ( Figure 3A ; Figure 
2-ClHA Initiates an ER Stress Response
Because the induction of CHOP expression indicated ER stress might be involved in 2-ClHA-induced apoptosis, we further interrogated this possibility. 2-ClHA induced X-box binding protein-1 mRNA splicing in both THP-1 and RAW 264.7 cells as determined by real-time polymerase chain reaction ( Figure 4A ; Figure III in the online-only Data Supplement). Furthermore, 2-ClHA significantly increased the phosphorylation of eukaryotic initiation factor (eIF)2α without changing total eIF2α expression ( Figure 4B ). In concert with eIF2α phosphorylation, the target gene of eIF2α, activating transcription factor-4, was upregulated. In addition, glucose-regulated protein-78, which serves as a gatekeeper to the activation of ER stress transducers, was increased in response to 2-ClHA treatment ( Figure 4B ). Other data showed that mRNA expression of these ER stress-associated proteins in THP-1 monocytes or RAW 264.7 cells was increased in response to 2-ClHA ( Figure II in the online-only Data Supplement).
CHOP Silencing Attenuates 2-ClHA-Induced Apoptosis
To assess ER stress involvement in 2-ClHA-induced apoptosis further, the effector gene of ER stress, CHOP, was knocked down by its specific siRNA. Transfection of CHOP siRNA effectively reduced CHOP expression, whereas the control siRNA had no such effect ( Figure 5A ). CHOP silencing resulted in reduced PARP cleavage in response to 2-ClHA treatment ( Figure 5A ). Furthermore, CHOP silencing significantly decreased caspase-3 activity induced by 2-ClHA ( Figure 5B ).
ROS Is Involved in 2-ClHA-Induced Apoptosis
A previous study has shown that hypochlorite-modified low-density lipoprotein (LDL)-induced apoptosis is mediated by ROS in Jurkat T cells. 19 Because LDL contains plasmalogens, 20 it is likely that one component of hypochlorite-modified LDL is 2-chlorohexadecanal 9 that can be oxidized intracellularly to 2-ClHA. Accordingly, we investigated whether 2-ClHA alone is sufficient to induce ROS generation. Amplex Red was used to show that 2-ClHA treatments lead to H 2 O 2 release from THP-1 cells ( Figure 6A ). In addition, both N-acetylcysteine and glutathione ameliorated the production of H 2 O 2 induced by 2-ClHA. Moreover, N-acetyl cysteine and glutathione attenuated 2-ClHA-induced caspase-3 activity, PARP cleavage, and CHOP expression ( Figure 6B and 6C). Thus, these results suggest that ROS might mediate 2-ClHA-induced ER stress.
Discussion
The present study shows for the first time that human monocyte activation results in α-ClFA and α-ClFOH production. The production of these chlorinated lipids has previously been shown in other systems to be a result of plasmalogen oxidation by hypochlorous acid leading to α-ClFALD accumulation that is subsequently metabolized through the fatty acid-fatty alcohol cycle. 13, 14 It should also be appreciated that the present studies demonstrate that intracellular levels of α-ClFA reach ≈20 μmol/L during monocyte activation. Furthermore, because activation and apoptosis of monocytes are key events in the formation and rupture of atherosclerotic plaques, 6 the role of this lipid in monocyte apoptosis was examined. Multiple lines of evidence showed that this concentration of α-ClFA elicits monocyte/macrophage apoptosis, including increased terminal deoxynucleotidyl transferase dUTP nick end labeling staining, annexin V-propidium iodide staining, and caspase-3 activity in primary human monocytes, as well as increased levels of these apoptotic measures and PARP cleavage in both THP-1 monocytes and RAW 264.7 macrophages. Interestingly, a previous study indicated hypochlorite-modified LDL caused cell death in Jurkat T-cell lines. 19 Such modified LDL is likely to contain α-ClFALD, which can be further oxidized to α-ClFA intracellularly. Although there are many chlorinated moieties in hypochlorite-modified LDL, including tyrosine and cysteine residues, it is possible that α-ClFALD residues in the modified LDL may elicit at least, in part, the injury observed in cells treated with hypochlorite-treated LDL. ER stress activation is frequently observed in atherosclerotic lesions, liver tissue, and adipose tissue of hyperlipidemic mice and humans. 21 Lipid accumulation has been suggested to activate ER stress. Extracellular exposure to high levels of saturated fatty acids induces ER stress and apoptosis in liver cells. 22 Stearic acid accumulation in macrophages results in ER stress, as well as apoptosis independent of toll-like receptor 4/2 activation. 23 The present study is the first to report that chlorinated lipids can also induce ER stress in monocytes/ macrophages, which leads to increased CHOP expression. In fact, 2-ClHA seems to be more potent in activating ER stress than HA because HA did not initiate ER stress or apoptosis at the equimolar concentrations. The role of ER stress in ClHA-elicited apoptosis was strongly supported by the demonstration that reducing CHOP expression with its specific siRNA significantly decreases 2-ClHA-induced apoptosis in THP-1 monocytes.
The finding that 2-ClHA upregulates CHOP expression indicates that ER stress may mediate 2-ClHA's effects. Two of the 3 major ER stress pathways are inositol-requiring enzyme-1 and RNA-dependent protein kinase-like ER kinase, 24 and these 2 pathways were involved in 2-ClHA-elicited ER stress. Inositol-requiring enzyme-1 triggers the splicing of a specific mRNA transcript for X-box binding protein-1, and activation of protein kinase-like ER kinase phosphorylates eIF2α, which lead to the transcription of CHOP and GRP78. 24 The possible mechanism of CHOP-induced apoptosis involves interaction with members of the B-cell lymphoma 2 (BCL-2) family of proteins or a calcium signaling pathway. 25 Previous studies have shown that ER stress signaling can contribute to apoptotic cell death in several cell types related to the cardiovascular system. In vitro studies suggested increased CHOP expression in apoptotic smooth muscle cells treated with 7-ketocholesterol, homocysteine, or glucosamine. [26] [27] [28] Also, the activation of ER stress has been identified in endothelial cells both in vitro and in swine. 29, 30 Our studies also suggest that ROS are also involved in increasing ER stress and apoptosis. In the present study, we demonstrated that 2-ClHA can induce ROS production using Amplex Red to monitor extracellular H 2 O 2 production. In addition, the antioxidants, N-acetyl cysteine and glutathione, decreased 2-ClHA-induced ROS production and apoptosis. Furthermore, N-acetyl cysteine and glutathione attenuated CHOP expression, indicating a mitigation of ER stress. Thus, ROS generation may mediate 2-ClHA-triggered ER stress. It should be noted that the interplay between ROS and ER stress has been reported in many studies although the detailed mechanism is still elusive. 31 Attenuation of ER stress decreases ROS generation and increases glutathione level in α-tocopheryl succinate-treated human gastric carcinoma cells. 32 Some other studies have reported that oxidative stress induces ER stress in cultured human hepatoma cells and hepatocytes. 31 In summary, the results of this study demonstrate that α-ClFA accumulates in activated monocytes and contributes to apoptosis by triggering ROS production and ER stress. Silencing of CHOP expression attenuates the apoptosis-inducing effect of 2-ClHA, whereas attenuation of ROS by antioxidants can alleviate ER stress and subsequent cell apoptosis. Thus, our study suggests that α-ClFA is a bioactive lipid that links inflammation and apoptosis in monocytes/macrophages. This is an important first step, albeit in isolated cell systems, to show the biological role of α-ClFA, which may be of considerable importance in a modulatory role in some inflammatory diseases, such as atherosclerosis. Demonstrating the role of both exogenously applied, as well as endogenously produced, α-ClFA in in vivo systems of inflammation, including atherosclerosis, needs to be examined in future studies.
